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Triple swirler combustorAbstract A triple swirler combustor is considered to be a promising solution for future high
temperature rise combustors. The present paper aims to study dilution holes including primary dilu-
tion holes and secondary dilution holes on the performance of a triple swirler combustor. Experi-
mental investigations are conducted at different inlet airﬂow velocities (40–70 m/s) and combustor
overall fuel–air ratio with ﬁxed inlet airﬂow temperature (473 K) and atmospheric pressure. The
experimental results show that the ignition is very difﬁcult with speciﬁc performance of high ignition
fuel–air ratio when the primary dilution holes are located 0.6H (where H is the liner dome
height)downstream the dome, while the other four cases have almost the same ignition
performance. The position of primary dilution holes has an effect on lean blowout stability and
has a large inﬂuence on combustion efﬁciency. The combustion efﬁciency is the highest when the
primary dilution holes are placed 0.9H downstream the dome among the ﬁve different locations.
For the secondary dilution holes, the pattern factor of Design A is better than that of Design B.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Many future aircraft turbine engines are expected to
operate with higher turbine inlet temperature than those
typical of current technology engines. These increased turbine
inlet temperature requires combustors with higher temperature
rise (DT) capabilities than those of current technology
combustors.1,2 For high temperature rise combustors, there
exist many challenges, and among them operating stably over
signiﬁcantly wider fuel–air ratio ranges and reducing pattern
factor are of primarily important challenges. Utilizing multiple
Fig. 1 Schematic diagram of the triple swirler combustor.
1422 G. Ding et al.counter-rotating and co-rotating swirlers is considered to be a
feasible approach, which could not only widen the stable
combustion range, but also satisfy the other combustion per-
formance. Mongia and his colleagues conceived, designed
and demonstrated six high temperature rise combustors during
1979–1993 timeframe and multiple swirler were utilized for
temperature rise combustors exceeding 1200 K. From the
aspect of engineering application, Mongia has proved that a
multiple swirler combustor is a promising solution for high
temperature rise combustors.3
Triple swirler is a typical representation of multiple swirler
and the topic of the present investigation. The research on tri-
ple swirler has been for many years and some valuable research
results have been gained. Li et al. focused on experimental
investigation of a triple annular research swirlers (TARS)
which features three swirling ﬂow passages and distributed fuel
injection pattern.4–7 In Refs.4–6, they found that a central recir-
culation zone, an annular jet with internal and external shear
layers characterize the ﬂow ﬁeld downstream of TARS. The
central toroidal recirculation zone (CTRZ) region is axisym-
metric but the jet contains imprints of the internal ﬂow and
has some nonaxisymmetric features. In Ref.7, they studied
the effects of several factors, including swirler combination,
exhaust nozzle, air assist and mixing tube on NOx and CO
emissions and combustion instability. Experimental data shows
that emissions and stability depend on the combination of
some of these factors. Lin et al. experimentally investigated
the lean blowout (LBO) limit, combustion efﬁciency and smoke
feature of a triple swirler combustor.8–10 In Ref.8, experimental
results exhibited that the increasing of fuel–air ratio in dome
had a good effect on fuel–air ratio at lean blowout. And in
Ref.9, their experimental results show that the hybrid multi-
stage swirling cup can improve combustion and enhance com-
bustion efﬁciency with combustor inlet pressure ranging from
0.07 MPa to 0.11 MPa. Ref.10 showed that the smoke number
was greatly reduced (decreased by 29.4%), with lean blowout
decrease by 7.3% by modiﬁcating the lip of the outer swirler
which controls the mixture of oil and air. The above research
results show that triple swirler combustor has the advantage
of wider stable combustion range, enhancing fuel–air mixing,
high combustion efﬁciency, extremely low emissions and so on.
Obviously, the previous efforts mainly focus on the effect of
triple swirler on the performance of combustor. For a swirl
stabilized combustor, dilution jets play a vital role in control-
ling the combustion temperature, enhancing mixing, and
achieving satisfactory combustion performance. In the
primary zone, primary dilution jets are required to provide
more uniform mixing to promote efﬁcient combustion. The
attainment of a satisfactory temperature distribution in the
exhaust gases is mainly dependent on the degree of mixing
between air and combustion products in the dilution zone.
Mellor11 emphasized that interactions between swirler,
primary dilution jets, and cooling ﬂows are known to be
important, but the effects of these interactions on combustion
performance have not been systematically studied. Although
extensive work has been carried out to study and characterize
the secondary dilution jet mixing processes in the dilution zone
of the combustor,12–14 very few studies were concerned with a
triple swirler combustor whose amount of secondary dilution
jet was decreased greatly.
The purpose of the paper is to study the effect of dilution
air jets including primary air jets and dilution air jets on theperformance of triple swirler combustor. Multiple factors,
including the shape and type of dilution holes, the ratio of
the diameter of dilution holes to the thickness of liner, the
primary dilution holes location, the arrangement of the sec-
ondary dilution, etc., affect dilution air jets. In this paper, we
only discuss the effect of the primary dilution holes location
and the arrangement of the secondary dilution holes on the
performance of a triple swirler combustor.
2. Experimental setup
A schematic diagram of the triple swirler combustor is shown
in Fig. 1. The combustion chamber is composed of four main
sections: casing, liner, diffuser and the dome. The dome com-
prises of fuel nozzle and a ﬁxed triple swirler. The fuel nozzle
used in the experiment is a single pressure swirl atomizer
instead of originally designed air blast atomizer with the
purpose of ensuring good atomization at high fuel–air ratio.
The pressure swirl atomizer has a cone angle of 80. The triple
swirler (see Fig. 2) consists of inner swirler, intermediate swir-
ler, outer swirler, primary venturi, secondary venturi and ﬂare.
The ﬁxed triple swirler has the swirl number combination of
1.5-1-0.8 and the rotational direction combination of ‘‘C-CC-
C’’ in the order of inner, intermediate and outer swirler, where
‘‘C’’ and ‘‘CC’’ are labeled the clockwise and counter-
clockwise rotating swirl direction relative to oncoming ﬂow
respectively. The airﬂow through these swirlers becomes swirl-
ing air jet, and the fuel sheet breaks up into droplets by the
shearing action between these swirling air jets in the dome
zone. The diffuser is joined with casing, which has a window
on its side in order to visualize the primary zone combustion
status. The liner is made of high temperature alloy with thick-
ness of 2 mm. There are multi-rows inclined multi-holes, the
ﬁrst-row primary dilution holes and the second-row secondary
dilution holes in the liner.
The combustor in the experiment of the present paper is
designed15–18 at design point’s fuel–air ratio of 0.033 and it is
a small mass ﬂow rate combustor. The combustion chamber
has the following characteristics:
(1) A triple swirler conﬁguration was conceived along with
signiﬁcantly increased combustion air with about
42.01% of the combustor air mass ﬂow.
Fig. 2 Schematic diagram of the triple swirler.
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H= 1.75, where L is the length of the liner, and H the
liner dome height.
(3) The ratio of the dome height to the exit diameter of tri-
ple swirler is 1.5.
(4) The liner cooling scheme used in this combustor com-
prises of inclined multi-holes with a diameter of 0.8 mm.
The present paper focuses on different locations of primary
dilution holes and arrangements of secondary dilution holes.
In this paper, there are ﬁve different projects for primary dilu-
tion holes with the same diameter of 8.4 mm, and two different
projects for arrangements of secondary dilution holes with the
diameters of 7 mm and 5 mm respectively. The ﬁve different
primary dilution holes are placed 0.6H, 0.7H, 0.8H, 0.9H
and 1.0H, respectively downstream the dome. In order to make
sure that combustor airﬂow distribution of different projects
varies little, the two different secondary dilution holes are
placed at the same location downstream the dome and have
the same hole area in spite of different hole diameters. Fig. 3
shows a schematic diagram of the two different arrangements
of secondary dilution holes. Hereafter, the ﬁve different pri-
mary dilution holes are labeled with the distance downstream
the dome and the arrangements of two different secondary
dilution holes are labeled with Design A and Design B with
the diameters of 7 mm and 5 mm respectively.
A sketch of the whole experimental setup can be seen in
Fig. 4. Experiments were conducted with an air supplier with
a maximum air mass ﬂow rate up to 1.2 kg/s. The air can be
heated to a maximum temperature of 250 C by the electric
heater. The air was supplied to the combustor at atmospheric
pressure controlled by an oriﬁce plate ﬂow meter. A K-type
thermal couple was set upstream the combustor inlet to get
the inlet air temperature. There are six stationary Pt/RhFig. 3 Schematic diagram of the two differenthermocouple (B-type) rakes at the exit of the combustor,
and each of the rakes has two thermocouple probes. The
measurement area and rake distribution are shown in Fig. 5.
The experimental conditions of combustion test are shown
in Table 1. In Table 1, V3 is the inlet airﬂow velocity. Experi-
ments were conducted at atmosphere pressure and the inlet air-
ﬂow temperature T of 473 K to study the effect of primary
dilution holes’ locations on ignition performance, lean blowout
performance and combustion efﬁciency, and two different
arrangements of secondary dilution holes on pattern factor.
Tests for the present paper were run with the 1.5C-1CC-0.8C
conﬁguration using kerosene as fuel, and the combustor’s over-
all fuel–air ratio FAR varied from 0.015 to 0.035. Fig. 6 shows
the experimental photos of fuel–air ratio of 0.035 and low fuel–
air ratio near ﬂameout.
3. Result and discussion
3.1. Flow characteristic
Fluent CFD (Computational Fluid Dynamics) code was used
to predict ﬂow ﬁeld of the triple swirler combustor using the
same operating conditions as the experimental setup. Accord-
ing to Ref.19, standard j–e model was selected for the calcula-
tion. In order to be convenient for calculation, a simpliﬁed
model was used instead of the combustor model. Fig. 7 depicts
the aero volume for the domain of interest. There are triple
swirler and the exit of the ﬂare connected to a square chamber
with primary dilution holes and secondary dilution holes on its
two opposite sides. Account for complex geometry details of
triple swirler, tetrahedral elements were used for the CFD grid
with a total of about 2.95 million tetrahedral cells after ﬁnish-
ing grid independent solution.20
Figs. 8 and 9 depict the axial velocity contours and turbulent
intensity contours in the streamwise plane for the ﬁve varia-
tional locations of primary dilution holes. Fig. 10 and Table 2
show the zero axial velocity isocontours lines and the maximum
recirculated mass ﬂow rate mr_max of the ﬁve variational loca-
tions of primary dilution holes. In Table 2, mts is the mass ﬂow
rate through the triple swirler. The important ﬂow features that
can be discerned in these ﬁgures are as follows:
(1) It is clear that the ﬂow ﬁelds of primary zone and the
recirculating bubble shapes for different locations of
primary dilution holes are similar in characterizing the
formation of a large center recirculation zone around
the axis of the jet, but the recirculating bubbles in length
have a biggish difference due to different locations of
primary dilution holes.t arrangements of secondary dilution holes.
Fig. 4 Schematic diagram of the experimental setup.
Fig. 5 Schematic diagram of rake distribution of combustor
outlet.
Table 1 Experimental conditions of combustion test.
T (K) V3 (m/s) FAR
473 40–70 0.015–0.035
1424 G. Ding et al.(2) The mean velocity proﬁles at the ﬁrst axial stations
above the swirler exit exhibit very similar trends and
quantities. This conﬁrms the suggestion that location
of primary dilution holes does not have a signiﬁcant
effect on the initial stages of the swirling ﬂow imparted
from the triple swirler.
(3) The mean axial velocity proﬁles and turbulent intensity
behind the ﬁrst axial stations exhibit different trends
and quantities. These differences suggest that location
of primary dilution holes has signiﬁcant effects on this
zone. These effects may impact fuel/air mixing and com-
bustion dynamics.
(4) When the primary dilution holes are closer to the down-
stream, the low turbulent intensity region in the position
of downstream the location of the maximum recirculat-
ed mass ﬂow rate and the region of recirculation zone is
larger.Fig. 6 Photos of comb(5) The maximum recirculated mass ﬂow rate exhibits
slightly different quantities, which may have an inﬂuence
on the lean blowout performance.
3.2. Ignition performance
Many factors including inlet velocity, temperature, pressure,
fuel–air ratio, spark energy, spark location, etc. inﬂuence igni-
tion performance. The present experiments were conducted to
study how the ignition overall fuel–air ratio (IOFAR) of triple
swirler combustor with variational locations of primary dilu-
tion holes varied with inlet airﬂow velocity at inlet airﬂow tem-
perature of 473 K.
Fig. 11 illustrates the impact of inlet airﬂow velocity on the
IOFAR of triple swirler combustor with variational locations
of primary dilution holes. The IOFAR decreases with the inlet
airﬂow velocity increasing from 40 m/s to 70 m/s. It is clear
that the ignition is very difﬁcult behaving high IOFAR when
the primary dilution holes is located at 0.6H, and the IOFARs
of 0.7H, 0.8H, 0.9H, 1.0H are almost the same ranging from
0.01 to 0.02. The reason of ignition difﬁculty may be that
the spark plug is very closer to primary dilution holes and
the quenching effect of primary dilution holes on combustion
is obvious. Moreover, the combustion residence time is shortustor in experiments.
Fig. 7 Aero volume of CFD computational domain.
Effect of dilution holes on the performance of a triple swirler combustor 1425owing to the smallest center recirculation zone (CRZ), so the
ﬂame is easy to blow out when the primary dilution holes
was placed at 0.6H downstream the dome. From the perspec-
tive of ignition, the primary dilution holes should be placed
0.7H–1.0H downstream the dome.
3.3. Lean blowout performance
Lean blowout performance is one of the main focusing param-
eters for a high fuel–air ratio combustor because it is expected
to operate over signiﬁcantly wider fuel–air ratio ranges than
the current combustors and the corresponding average velocity
of primary zone is higher owing to the air amount of primary
zone increasing. Fig. 12 shows the effect of inlet airﬂowFig. 8 CFD prediction forvelocity on the lean blowout limits with alterable locations
of primary dilution holes. The LBO FAR is nearly below
0.005 for most of the experimental cases. Judging from the
aspect of lean blowout changing range, the changing ranges
of 0.6H and 0.7H are larger than the others. Seen from Table 2,
the maximum recirculated mass ﬂow is 47.3% of the triple
swirler mass ﬂow for the cases of 0.6H and 0.7H, and the max-
imum recirculated mass ﬂow for the cases of 0.8H, 0.9H and
1.0H is 42.5%, 44.5% and 45.0% of the triple swirler mass
ﬂow. It is clear that the cases of 0.6H and 0.7H have the max-
imal maximum recirculated mass ﬂow which is corresponding
to the maximum reversed axial velocity. The increased reversed
axial velocity and the decreased combustion residence time in
the primary zone may enhance the instability of lean blowout.
So it can be considered that the lean blowout performance is
mainly affected by triple swirler and the location of primary
dilution holes has an effect on lean blowout stability.
3.4. Combustion efﬁciency
The combustor outlet temperatures were measured by the 12
probes thermocouple rakes. The combustion efﬁciency is cal-
culated after obtaining the temperatures of 12 probes. Here,
combustion efﬁciency is deﬁned as follows:axial velocity contours.
Fig. 9 CFD prediction for turbulent intensity contours.
1426 G. Ding et al.gB ¼
ðmair þmfÞcpgasTout maircpairTin mfcpfTf
Hlmf
where Tin and Tout represent the inlet and outlet air tempera-
ture, Tf is the inlet fuel temperature, cpgas, cpair and cpf are
the speciﬁc heat of outlet gas, inlet air and inlet fuel respec-
tively, mair and mf are the mass ﬂow rate of inlet air and fuel,
and Hl is the lower caloric value of fuel. All the temperature
data presented in this test are corrected for radiation effect
by the following equation:
Tout ¼ Ttc þ er T4tc  T4w
 
d=ðkNuÞTable 2 Maximum recirculated mass ﬂow rate of the ﬁve
variational locations of primary dilution holes.
Projects 0.6H 0.7H 0.8H 0.9H 1.0H
mr_max/mts 0.473 0.473 0.425 0.445 0.450where emissivity e= 0.22, Stefan–Boltzmann constant
r= 5.67 · 108 J/(K4Æm2Æs), bead diameter d= 1 mm, k is
the thermal conductivity for the combustion gas, Nu is the
Nusselt number based on the bead diameter, Ttc and Tw
represent the combustor outlet temperature and temperature
of the wall adjacent with thermocouple respectively.Fig. 10 Zero axial velocity lines based on CFD prediction for
the ﬁve variational locations of primary dilution holes.
Fig. 11 IOFAR of different dilution holes’ locations vs inlet
airﬂow velocity.
Fig. 12 LBO FAR of different dilution holes’ locations vs inlet
airﬂow velocity.
Effect of dilution holes on the performance of a triple swirler combustor 1427Fig. 13 illustrates the inﬂuence of FAR on the combustion
efﬁciency of triple swirler combustor with variational locations
of primary dilution holes at different inlet airﬂow velocities.
The following conclusions could be acquired from this ﬁgure.
The combustion efﬁciency of ﬁve cases decreases with fuel–
air ratio increasing from 0.015 to 0.035 at each inlet airﬂow
velocity. The combustion efﬁciency of 0.6H is the lowest
among the ﬁve locations with gB ranging from 0.65 to 0.90,
while the combustion efﬁciency of 0.9H is the highest with
gB more than 90% at the inlet airﬂow velocity of 60 m/s and
70 m/s. For the case of 0.9H and 1.0H, the combustion
efﬁciency is relatively high and the range of high combustion
efﬁciency is also wide. When the primary dilution holes move
downstream, the residence time of high temperature gas wasFig. 13 Combustion efﬁciency of different dilution holesincreased due to the size of CRZ increasing, and the fuel–air
mixing was also enhanced with the increment of turbulent
intensity. Moreover, the quenching effect of the primary air
jets on combustion decreased. These factors would undoubt-
edly promote the combustion of fuel. Primary air jets are ben-
eﬁcial in terms of altering the local equivalence ratio with the
combustor and enhancing mixing if placed in the proper posi-
tion. So it seems that the optimal location of primary dilution
holes should be placed 0.9H downstream the dome in this test.
3.5. Pattern factor
For high temperature rise combustor, its pattern factor must
be reduced greatly compared with current combustors in order’ locations vs FAR at different inlet airﬂow velocities.
Fig. 14 OTDF of Design A and Design B vs FAR at different inlet airﬂow velocities.
Fig. 15 Turbulent intensity of Design A and Design B in a cross-sectional plane.
Fig. 16 Penetration depth of the secondary dilution holes of Design A and Design B in a streamwise plane.
1428 G. Ding et al.to ensure that turbine can work normally in the harsh environ-
ment of high temperature. The current level of pattern factor is
below 0.25, so the pattern factor of future high temperature
rise combustor must be less than 0.25 at least or lower. In this
paper, experiments were conducted to acquire the triple swirler
combustor outlet temperature distribution of Design A andDesign B with the primary dilution holes locating 0.9H
downstream from the dome at the inlet temperature of
473 K. Here, pattern factor is deﬁned as follows:
OTDF ¼ T4max  T4ave
T4ave  T3ave
Effect of dilution holes on the performance of a triple swirler combustor 1429where T4max, T4ave and T3ave are the outlet hotspot tempera-
ture, average outlet temperature and average inlet temperature
respectively.
Fig. 14 shows the pattern factor as a function of FAR for
Design A and Design B at the same inlet airﬂow temperature.
Different secondary dilution holes’ arrangements have an obvi-
ous effect on the pattern factor. For Design A, its pattern factor
varies from 0.12 to 0.17 at different FAR, while the pattern fac-
tor of Design B changes from 0.19 to 0.26, which is larger than
that of Design A. Seen from Fig. 15, the turbulent intensity in
the central region of Design A is higher than that of Design
B, and Fig. 16 clearly shows that the penetration depth of
Design A is larger than that of Design B. These increased high
turbulent intensity central region and penetration depth would
enhance the mixing of secondary dilution air jets and the com-
ing combustion gas, so the pattern factor of Design A is more
uniform than that of Design B. It is clear that Design A is more
suitable for this triple swirler combustor than Design B. Design
A can not only satisfy the requirements of pattern factor being
less than 0.25, but also leave a certain margin compared with
the pattern factor of Design B locating near 0.25.
4. Conclusions
This paper focuses on the triple swirler combustor which is
considered to be suitable for high temperature rise combustors.
Experiments were conducted to study the effect of dilution air
jets including primary air jets and dilution air jets on the triple
swirler combustor performance including ignition perfor-
mance, lean blowout performance, combustion efﬁciency and
pattern factor at different inlet airﬂow velocity and combustor
overall fuel–air ratio.
In the test, the ignition of primary dilution holes located at
0.6H downstream from the dome is very difﬁcult, behaving high
ignition fuel–air ratio, while the ignition performance of the
other four cases is almost the same. The position of primary
dilution holes has an effect on lean blowout stability and has
a large inﬂuence on combustion efﬁciency. From another per-
spective, the lean blowout is mainly affected by the triple swir-
ler. The combustion efﬁciency is highest when the primary
dilution holes are placed 0.9H downstream from the dome
among the ﬁve different locations. Considering the ignition per-
formance, lean blowout performance and combustion efﬁ-
ciency, the primary dilution holes should be placed 0.9H
downstream from the dome. For the secondary dilution holes,
the pattern factor of Design A is better than that of Design B.
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